Background
==========

The average human life expectancy has significantly increased due to advances in medical research and improvements in general life style. Unfortunately however, human aging is associated with many clinical disorders and an inability of the body to maintain tissue turnover and homeostasis. As a result the number of elderly medical patients have also significantly increased, making them a major target population that could potentially benefit from cell based therapies. As autologous cell sources are preferred for economical and logistical reasons (along with fewer potential side-effects), the effect of donor age on regenerative potential should be determined before clinical use. In recent years, many studies have demonstrated the clinical potential of mesenchymal stem cells (MSCs), both in vivo and in vitro \[[@B1],[@B2]\]. However, using MSC collected from the elderly who are most likely to benefit from this technology raises some practical concerns.

MSCs possess a multitude of potential applications in regenerative medicine, being able to proliferate and differentiate in vitro into multiple lineages \[[@B3]-[@B5]\]. Low immunoreactivity and high immunosuppressive properties make MSCs a suitable stem cell source for therapy \[[@B6],[@B7]\]. In various animal models it has been shown that MSCs can be used to successfully treat cardiovascular \[[@B2],[@B8]\], neurological \[[@B9]\] and musculoskeletal disorders \[[@B10]\] either by differentiation into competent cardiomyocytes, neuron-like cells and chondrocytes, respectively; or by a paracrine effect via the secretion of growth, anti-apoptotic and anti-inflammatory factors. To date, bone marrow is the best characterized source of MSCs and most clinical data is based on bone marrow studies. However, there are limitations to the use of bone marrow-derived MSCs (BM-MSCs), e.g. painful acquisition process, use of extensive anesthesia, and low cell yield. Murine BM-MSCs have been shown to exhibit a decline in MSC numbers, proliferation, angiogenic and wound healing properties, and differentiation, along with enhanced apoptotic and senescent traits \[[@B2],[@B11],[@B12]\] with advancing donor age. Recently, other MSC sources have gained clinical interest for use in regenerative medicine; and adipose tissue represents one of these sources with a broad spectrum of benefits. hAT-MSCs possess morphological, phenotypic and functional characteristics similar to BM-MSC \[[@B13]\], are stable over long term culture, expand efficiently in vitro and possess multi-lineage differentiation potential \[[@B5],[@B14]\]. Human adipose tissue represents a more practical autologous source of MSCs for various tissue engineering strategies. However, the effectiveness of these cells when obtained from and utilized in elderly patients must be considered when contemplating cell-based therapies.

Cell-based therapies will be significantly influenced by the expansion and differentiation potential of any cells to be used which in turn may be influenced by donor age. In the present report, we thus sought to study the growth characteristics and in vitro regenerative potential of hAT-MSCs obtained from donors of various age groups (young, adult and aged) in combination with gene expression profiles, superoxide dismutase (SOD) activity and senescence levels. Morphologically and immunophenotypically cells obtained from all donors were similar regardless of donor age. However, we observed significant decreases in MSC number, frequency and population doublings concomitant with an increase in senescence levels with increasing donor age. Our qualitative and quantitative observations indicated that although adipogenic (and possibly neurogenic) potential was maintained during advancing age, the osteogenic and chondrogenic abilities were negatively affected by donor age.

Methods
=======

Collection and processing of adipose tissue-derived mesenchymal stem cells
--------------------------------------------------------------------------

Consent was obtained from all donors before the liposuction procedure. All protocols were approved by the local Institutional Review Board (IRB). Human adipose tissue was obtained from liposuction procedures under local anesthesia. All adipose tissue samples were processed under the same conditions. Initial experiments (see Figure [1](#F1){ref-type="fig"} and Additional file [1](#S1){ref-type="supplementary-material"}: Figure S1) were performed using subjects divided into \<40 years of age (N = 5; 2 males and 3 females) or \> 50 years of age (N = 6; 1 male and 5 females) to examine if there were indeed any effects of donor age on AT-MSC. In subsequent experiments additional donors were recruited and divided into 3 age groups: group 1 (\<30 years; n = 8; mean age 25.5 ± 1.6 years; 4 males and 4 females), group 2 (35-55 years; n = 10, mean age 46.4 ± 2.1 years; 3 males and 7 females) and group 3 (\> 60 years; N = 11; mean age 66.0 ± 1.4; 2 males and 9 females).

![**Comparison of age related parameters in AT-MSCs isolated from young and aged donors. (A, B)** Gene profiling of AT-MSCs indicate that gene expression of p16 and p21 is higher is AT-MSCs isolated from aged as compared to young donors. Data is shown as fold-induction as compared to untreated control cells. **(C, D)** Similarly, aged cultures show senescent features as determined by SA-β-gal staining compared to young cultures (data shown as percent positive cells). Concomitant with these features young AT-MSCs have higher level of SOD (**E**; data shown as absorbance values) and viability after stress (**F**; data shown as percent viable cells). Results are expressed as Mean ± Standard deviation. \*P \< 0.01 for young AT-MSCs versus aged AT-MSCs. AT-MSCs: adipose tissue derived mesenchymal stem cells, SA-β-gal: senescence associated beta galactosidase.](1479-5876-12-8-1){#F1}

The raw lipoaspirate was processed using a previously described method \[[@B5]\]. Cells from adipose tissue samples were isolated by enzymatic digestion. Briefly, 2 mL of tissue slurry was placed in a 50-mL Falcon tube and washed vigorously five times with 5 mL of phosphate-buffered saline (PBS). Cells in the wash fraction were retained. The fatty tissue was treated with an equal volume of 0.2% collagenase type IV (Sigma) at 37°C for 15 min. Complete medium (Minimal Essential Medium; Thermo Scientific, USA), 20 mL, supplemented with 10% fetal bovine serum (FBS; Hyclone) and 1% each of non-essential amino acids, sodium pyruvate, glutamine and streptomycin/penicillin solution was added in the digested tissue to neutralize collagenase, passed through a 40-μm filter and centrifuged at 150 *g* for 10 min. The cells from both the wash fraction and the digested fraction were suspended in complete medium and counted using trypan blue and Turk's stains. Cells were plated in 25 cm^2^ culture flasks and maintained at 37°C/5% CO~2~ in expansion medium with humidity. MSCs adhered to the culture flasks whereas other cells were depleted by replacing the spent medium with fresh medium. The medium was changed twice a week thereafter. To prevent spontaneous differentiation, cells were maintained at sub-confluent levels (70-80%) and were harvested with 0.05% trypsin-EDTA for use in subsequent experiments.

Phenotypic characterization by flow cytometry
---------------------------------------------

Cultured cells (passage 1) were trypsinized and stained with a panel of antibodies for fluorescence-activated cell sorting (FACS) analysis. Approximately, 1 × 10^5^ cells were re-suspended in phosphate buffered saline (PBS) and incubated with IgG block for 5 minutes to block non-specific binding. The following antibodies were used: AF-700 conjugated CD3 (BD BioSciences, USA), PE conjugated CD14 (BD, Immunocytometry, USA), APC conjugated CD19 (BD BioSciences, USA), PE conjugated CD34 (BD, BioSciences, USA), APC conjugated CD44 (BD, Pharmingen, USA), FITC conjugated CD45 (BD Pharmingen, USA), PE conjugated CD73 (BD Pharmingen, USA), AF-700 conjugated CD90 (Biolegend, USA) and APC conjugated CD105 (Biolegend, USA). Cells were stained for 30 minutes at 4°C with the antibodies. After washing, samples were analyzed on a LSR II flow cytometer (BD, USA) and at least 10,000 events were acquired for each population. Data acquisition and analysis were performed using FACS DIVA software (BD Biosciences, USA). Unstained cells were used to establish flow cytometer settings. Debris and cells/particles with auto-fluorescence were removed by using a threshold on the forward scatter.

Cell proliferation assays
-------------------------

### Assay for colony forming unit (CFU-assay)

CFU-assays were performed to determine MSC frequency. The processed lipoaspirates after collagenase digestion were plated in 25 cm^2^ culture flasks in limiting dilutions (10^5^, 5 × 10^4^, 10^4^, etc.) to verify the ability to form colonies. Cultures were maintained for 14 days at 37°C/5% CO~2~ in expansion medium. At day 14, medium was removed and resultant colonies were washed twice with PBS, fixed with absolute methanol and stained with 0.1% crystal violet for 60 minutes at room temperature \[[@B5]\]. The flasks were washed with water and colonies with more than 30 cells were counted under a microscope by two independent observers.

### Cumulative growth index

MSCs were serially passaged for cumulative population doubling analysis as described \[[@B2]\]. The first confluent cultures were designated as passage 0 (P0) and were dissociated with trypsin/EDTA, counted by hemacytometer and re-plated at a 1:10 dilution. The cell number was recorded for each passage until the cells stop dividing. The average cell number was expressed with respect to time in culture to obtain a growth curve. The population doublings (PDs) and doubling time (DT) were calculated using the following equations \[[@B2]\],

$${PDs} = {Log}\mspace{2mu}\left( N/N_{0} \right) \times 3.31$$

$$\left. {DT} = {CT}/{PDs} \right.$$

Where, PDs represent population doublings, N is the final number of cells, N~o~ is the initial number of cells seeded DT is doubling time and CT is the time in culture.

### In vitro differentiation assays

MSCs from young, adult and aged groups were analyzed for the potential to differentiate into adipose, bone, cartilage and neuron-like cells. MSCs were induced to differentiate between passages 2-3, as described below.

### Adipogenic differentiation

AT-MSCs were seeded in triplicate in 12 well plates at a final cell density of 5,000 cells per cm^2^ in complete expansion medium. 24-48 hours later, which was designated as day 0, differentiation was initiated using adipogenic induction medium (ThermoScientific, USA), as per manufacturer's instructions. The medium was changed every 3-4 days thereafter and experiments were terminated after 3 weeks. AT-MSCs at the same cell density were maintained in expansion medium to serve as controls.

### Oil red O staining

Adipogenesis was confirmed three weeks after induction by oil Red O staining to visualize accumulated cytoplasmic lipid rich vacuoles \[[@B5],[@B14]\] according to the manufacturer's instructions (IHC World, USA). Briefly, the differentiated MSCs were fixed with 4% paraformaldehyde (PFA), washed with pre-stain solution (99% isopropanol) and incubated with oil red O solution for 30 minutes at 60°C. Oil red O staining was followed by washing with 60% isopropanol and then several changes of distilled water. Cells were counterstained with haematoxylin solution for 1 minute and visualized under phase contrast microscopy.

### In vitro osteogenic differentiation

For osteogenic differentiation 50,000 MSCs per well were seeded in 6 well plates in triplicate in expansion medium. After 24 hours (at 90% confluency) osteogenic differentiation was promoted by treating MSC cultures with osteogenic induction medium (ThermoScientific, USA) for 3 weeks while MSCs maintained in expansion medium for 3 weeks were used as controls.

### Von Kossa staining

Osteogenic potential was confirmed by the von Kossa's method \[[@B15]\] of extracellular matrix calcification detection. Von Kossa's staining was performed by silver nitrate treatment using a commercially available kit (IHC World, USA). Briefly, PFA (4%) fixed cultures were treated with silver nitrate for 60 minutes at room temperature under ultraviolet (UV) light, followed by treatment with sodium thiosulphate for 5 minutes. The cells were counter-stained with nuclear fast red and then photographed using phase contrast microscopy. Extracellular matrix calcification was carried out by detection of the presence of black extracellular deposits.

### Chondrogenic differentiation

Chondrogenesis was induced in micromass pellet cultures as described \[[@B5],[@B16]\]. Micromass-pellet cultures were prepared from 2.5 × 10^5^ MSCs in 15 ml conical tubes that were centrifuged at 750 rpm for 10 minutes in complete expansion medium. Cell pellets were incubated with the chondrogenic induction medium (ThermoScientific, USA) after 24-48 hours for 3 weeks. Half of the medium was replaced with fresh medium twice a week.

### Alcian blue staining

Each micromass pellet was parafinized after dehydration and cut into thin sections (4-5 um). The sections were analyzed for chondrogenic differentiation assay with a commercially available Alcian blue kit (IHC World, USA). Sections were fixed with 4% PFA and washed with distilled water followed by treatment with Alcian blue for 20 minutes at room temperature. The stained sections were visualized under phase contrast microscopy and images were captured.

### Differentiation of MSCs into neuron-like cells

2.5 × 10^3^ MSCs at passage 2 were propagated in six well plates in complete growth medium, followed by treatment with neuronal induction medium (ThermoScientific, USA) as per manufacturer's instructions. After 24-48 hours, the differentiated MSCs were stained with H&E (Hematoxyline and Eosin). Briefly, the medium was discarded and the cells were washed with PBS, fixed with methanol and stained with H&E solution for 30-60 seconds, and photographed using phase contrast microscopy. Cells having a neuron-like morphology were counted in each culture.

### Quantification of differentiation

The total number of oil red O positive MSCs were counted in triplicate in at least 10 non-overlapping high density fields. The mean differentiation level (%) was expressed as total number of oil red O positive cells divided by total number of cells, and then multiplied by 100. Additionally, oil red O uptake was quantified colorimetrically using a previously published method \[[@B17]\]. Briefly, oil red O was extracted with isopropanol containing 4% nonidet P-40 detergent overnight at room temperature and optical density was then measured at 520 nm \[[@B5],[@B17]\]. All analyses were carried out in triplicate.

For the quantification of mineralized matrix deposition, imageJ software (<http://rsbweb.nih.gov/ij/>) was used which measures the amount of cellular staining (black) in a given field of view. Percentage positive area was calculated by dividing the positively stained area divided by the total area, multiplied by 100. All analyses were carried out in triplicate.

Alcian blue uptake was analyzed using a colorimetric assay as described \[[@B18]\]. Briefly, after 21 days, the micromass cultures were fixed with methanol and the whole mount stained with Alcian blue. Alcian blue was extracted with 6 M guanidine HCl and absorbance was read at 620 nm.

### Senescence-associated β-galactosidase Staining (SA-β-gal)

To detect cellular senescence the SA-β-gal staining kit was used (Cell Signalling, USA). Briefly, 5 × 10^3^ cells were seeded in 12 well plates incubated with freshly prepared β-gal-staining solution for 60 minutes at 37°C in the absence of CO~2~. MSCs were washed with water and the blue color (i.e., senescent cells) was observed under microscopy. Phase contrast images were taken and the percentage SA-β-gal positive cells were calculated by dividing blue stained cells by the total number of cells, multiplied by 100.

### Superoxide dismutase (SOD) activity

Age-related differences in SOD activity were determined using a commercially available colorimetric assay kit (Abcam, USA) according to the protocol provided by the manufacturer. Briefly, protein was isolated using a lysis buffer and SOD activity was measured using 10 ug of the total protein extract. Absorbance values were measured by using a Spectra max PLUS 384 (Molecular Devices, USA) at 450 nm.

### Immunocytochemistry

After culture in neuronal differentiation medium, differentiated cells were washed with PBS and incubated with the rabbit-anti-human nestin (US Biological, USA) overnight at 4°C. The cells were then washed with PBS and incubated with PE-conjugated goat-anti-rabbit (Santa Cruz, USA) antibody for 60 minutes at 37°C. Cells were mounted using vecta-sheild mounting medium (Vector Laboratories, USA) containing DAPI (4',6-diamidino-2-phenylindole) to stain nuclei and observed using fluorescence microscopy (Zeiss, USA).

### Total RNA extraction

Gene expression was assayed at the mRNA level. Total cellular RNA was extracted using TRIzol reagent (Invitrogen, USA) and an Rneasy Mini Kit (Qiagen, USA). All procedures were carried out according to the protocol recommended by manufacturers. RNA concentration was determined using a ND-1000 spectrophotometer (NanoDrop Technologies). cDNA synthesis was performed by using 1 ug of total RNA in a 20 ul reaction mixture containing 1 ul of 10 uM oligodt primer and 1 ul of reverse transcriptase enzyme (RT-enzyme) with the SuperScript III First Strand synthesis system (Invitrogen, USA). The manufacturer's instructions were followed.

### Quantitative RT-PCR

Real time PCR was performed using iTaq SYBR Green supermix with ROX (Bio-Rad, USA) in an ABI PRISM 7300 sequence detection system. The final reaction contained template cDNA, iTaq SYBR Green and gene specific primers (see Additional file [2](#S2){ref-type="supplementary-material"}: Table S1). The following PCR conditions were used: 50°C for 2 minutes and 95°C for 10 minutes, followed by 40 cycles for 30 sec at 95°C, 45 sec at 60°C and 72°C for 30 sec. Beta actin was used as an internal control. The CT (cycle threshold) values of beta actin and other specific genes were acquired after polymerase chain reaction. The normalized fold expression was obtained using the 2^-ΔΔCT^ method. The results were expressed as the normalized fold expression for each gene as compared to untreated (i.e., un-induced) control cells. In order to minimize PCR reaction variations, all samples were transcribed simultaneously.

### Cell viability

To determine the level of cell viability in response to incubation in H~2~O~2~, the trypan blue exclusion assay was used. Sub-confluent cultures of MSCs were incubated with 200 um H~2~O~2~ for 90 minutes. Cells were trypsinizedand counted in a hemacytometer. The number of viable cells was calculated by dividing the number of trypan blue-negative cells by the total number of cells examined, multiplied by 100.

Statistical analysis
--------------------

Experimental data was analyzed using Graphpad Prism 5 Software. One-way ANOVA was used when three or more groups within one variable were compared. To analyze two groups the unpaired-t-test was used. The data are expressed as mean ± standard deviation. Values of P \<0.05 were considered significant.

Results
=======

AT-MSC morphology and phenotype is independent of donor age
-----------------------------------------------------------

MSCs from each age group exhibited identical morphological and phenotypic characteristics, as well as similar plastic adherent growth and fibroblastic morphology, independent of donor age. Similarly, MSCs from all age groups displayed comparable levels of expression of CD3, CD14, CD19, CD34, CD44, CD45, CD73, CD90 and CD105 (Additional file [1](#S1){ref-type="supplementary-material"}: Figure S1A). Regardless of donor age MSCs were strongly positive for MSC markers (CD44, CD73, CD90, CD105) while lacking expression of hematopoietic markers (CD3, CD14, CD19, CD34, CD45) (Additional file [1](#S1){ref-type="supplementary-material"}: Figure S1A); in agreement with previously published reports \[[@B19],[@B20]\]. Additional file [1](#S1){ref-type="supplementary-material"}: Figure S1B shows the relative percentage expression for each marker used in the experiment.

Cellular senescence increases in elderly AT-MSC
-----------------------------------------------

Senescence was evaluated in two ways: by measuring mRNA expression of the p16 and p21 genes and, by detection of SA-β-gal expression \[[@B2],[@B12]\]. Initially, two groups of donors (\<40 years old and \>50 years old donors) were examined. The mRNA levels of the p16 and p21 genes (Figure [1](#F1){ref-type="fig"}A), which are associated with senescence, were analyzed by PCR \[[@B21]\]. The expression of both genes was significantly higher in the aged group (\>50 years) than in the young group (\<40 years) as shown in Figure [1](#F1){ref-type="fig"}B (p \< 0.05). SA-β-gal activity is the most commonly used biomarker for the identification of senescent cells \[[@B22]\]. Our results showed that AT-MSC donor age was also associated with an increase in the expression of SA-β-gal activity (Figure [1](#F1){ref-type="fig"}C-D), (5.2% ± 1.9% vs. 12.2% ± 1.1% SA-β-gal positive cells; p \< 0.05).

Superoxide dismutase (SOD) activity
-----------------------------------

Reactive oxygen species (ROS) are hypothesized to be involved in the aging process; therefore, age-related variations in SOD activity could substantially influence the aging process. SOD activity was determined in MSCs isolated from young (\<40 years) and aged (\>50 years) individuals. SOD is an antioxidant enzyme that catalyzes the conversion of superoxide radical anions (O^2-^) to hydrogen peroxide, which is then catalyzed to O~2~ and H~2~O by glutathione peroxidase and catalase. SOD activity was significantly higher in young MSCs as compared to aged cells, indicating superior antioxidant defense mechanisms in young MSCs (Figure [1](#F1){ref-type="fig"}E), (26.0 ± 2.3 vs. 11.7 ± 2.9; p \< 0.05).

Effect of donor age on cell viability after stress
--------------------------------------------------

The success of cell based therapy is largely dependent on the survival of transplanted cells into an ischemic environment. Therefore, we determined the viability of the AT-MSC cells after hypoxic insults with H~2~O~2~. H~2~O~2~ treatment resulted in significant levels of death in aged MSC cultures as compared to younger MSC cultures. The results showed a significantly higher percentage of viable MSCs isolated from young compared with aged donors (Figure [1](#F1){ref-type="fig"}F) (93.3% ± 2.8% vs. 84.7% ± 1.2% enzymatic activity; p \< 0.05).

Effect of donor age on cell yield, viability and MSC frequency
--------------------------------------------------------------

The number of nucleated cells in the stromal vascular fraction (SVF) of the adipose tissue samples from each donor was enumerated with Turks dye. The results indicated that adipose tissue harvested from aged donors produced the lowest number of total nucleated cells. Cell viability of the SVF, as determined by Trypan blue exclusion, was equivalent regardless of donor age. Figure [2](#F2){ref-type="fig"}A shows that the cells per gram of adipose tissue decreases with donor age. We next analyzed whether MSC frequency in the SVF was affected by donor age. Colony forming unit (CFU-F) assays were performed in this regard. MSCs from all groups were able to form colonies; however, an age-related decrease in MSC frequency was observed (Figure [3](#F3){ref-type="fig"}B). The number of MSC colonies formed was found to be inversely proportional to donor age. Overall, cells from young and adult cultures produced larger colonies containing more cells while AT-MSC from aged donors produced smaller colonies, although these results did not reach statistical significance (data not shown). However, the trend lines in panel (A) and (B) were significant indicating the total cells/gm of tissue and total CFUs/cc of tissue decreased with increasing donor age.

![**Yield and growth characteristics of MSCs.** Cells per gram of adipose tissue decreases with increased age of the donors **(A)**. CFU assay was performed to enumerate number of cells in SVF that can form colonies. Number of CFUs deceases with age of the donor **(B)**. Proliferative potential is associated with donor age as indicated by number and time for population doublings. Number of population doublings of MSCs decreases **(C)** while time per population doubling increases **(D)** with age of the donor. Results are expressed as mean ± standard deviation. MSCs: mesenchymal stem cells, CFU, colony forming unit assay. \*P \< 0.01 for young AT-MSCs versus aged AT-MSCs.](1479-5876-12-8-2){#F2}

![**Adipogenic potential of AT-MSCs is independent of donor age.** Adipogenic differentiation was carried out for AT-MSCs isolated from young, adult and aged individuals. Insets show MSCs cultured in normal expansion medium. Adipogenic experiments were terminated after 21 days and oil red O was used to stain for lipid rich vacuoles, as shown (Figure [3](#F3){ref-type="fig"}A-C). The percentage of cells that stained positive for oil red O was determined, followed by quantification of oil red O uptake. Adipogenic differentiated MSCs isolated from young **(A)**, adult **(B)** and aged **(C)** donors stained positive for oil red O. Differentiation levels varied between groups but non-significantly as indicated by counting oil red O positive cells **(D)** and colorimetrically by evaluating oil red O uptake **(E)**. Adipogenic differentiation was further confirmed through real time RT-PCR and a non-significant difference was found when different age groups were compared **(F)**. Results are expressed as mean ± standard deviation.](1479-5876-12-8-3){#F3}

Effect of donor age on AT-MSC growth
------------------------------------

The effect of donor age on AT-MSC growth characteristics and maximum population doublings was calculated. Cell numbers recorded at each passage were used to obtain a growth curve that showed an exponential growth phase after which cell proliferation declined until the cells stopped dividing. There was a significant difference (p \< 0.05 where indicated) in the number of total population doublings (Figure [2](#F2){ref-type="fig"}C, 44.1 ± 7.1 vs. 38.5 ± 4.3 vs. 34.3 ± 8.1 doublings for young, adult and aged donors, respectively), with doubling times increasing with increased donor age (Figure [2](#F2){ref-type="fig"}D, 62.0 ± 5.9, 80.9 ± 29.6 and 89.1 ± 26.6 hours for young, adult and aged donors, respectively).

Assay for multi-lineage differentiation potential
-------------------------------------------------

Previously, we and others have shown that AT-MSCs have the potential to differentiate into multiple lineages in vitro \[[@B5],[@B14]\]. Thus, MSC from each age group were induced to differentiate into adipogenic, osteogenic, chondrogenic and neurogenic lineages.

Adipogenic differentiation potential of AT-MSCs is independent of donor age
---------------------------------------------------------------------------

Under adipogenic conditions MSCs showed significant morphological changes as early as 7 days in culture. The typical spindle-like shape was progressively lost and cells exhibited a larger, flatter shape full of lipid vacuoles. No related morphological differences were observed between age groups (Figure [3](#F3){ref-type="fig"}A-C). Insets show MSCs cultured in normal expansion medium. Adipogenic experiments were terminated after 21 days and oil red O was used to stain for lipid rich vacuoles \[[@B5],[@B20]\], as shown (Figure [3](#F3){ref-type="fig"}A-C). The percentage of cells that stained positive for oil red O was determined. The percentage of cells positive for oil red O expression \[[@B20]\] was higher in the young donors (Figure [3](#F3){ref-type="fig"}A) than in the other groups (Figure [3](#F3){ref-type="fig"}B-C), but this difference was not significant (Figure [3](#F3){ref-type="fig"}D) (67.4% ± 7.1% in young vs. 70.8% ± 5.6% and 62.2% ± 13.0% positive, respectively in adult and aged). Quantification of oil red O uptake indicated a statistically non-significant difference among MSCs obtained from young, adult and aged individuals (Figure [3](#F3){ref-type="fig"}E). Histochemistry findings were confirmed by real time RT-PCR analysis. The expression of the adipogenesis-specific genes, peroxisome proliferator-activated-receptor-gamma (PPAR-ү) and lipoprotein lipase (LPL), was analyzed \[[@B17],[@B20]\]. The expression of both adipogenic specific genes (LPL: 22.0 ± 8.1 (young), 26.0 ± 8.3 (adult), 35.3 ± 16.2 (aged) fold-expression, and PPAR-ү: 129.3 ± 9.5 (young), 101.7 ± 15.3 (adult), 116.0 ± 32.6 (aged) fold-expression) was significantly higher in induced MSCs as compared to control MSCs. However, there was no significant difference among the various age groups (Figure [3](#F3){ref-type="fig"}F). Overall our findings indicated that the adipogenic potential of AT-MSCs was independent of donor age and thus it appeared that AT-MSCs could potentially be used for tissue engineering applications that require adipocyte production without concern for age of the donor.

AT-MSC osteogenic potential declines with donor age
---------------------------------------------------

AT-MSCs isolated from each age group were induced to differentiate into osteoblasts. The cells proliferated rapidly in a tightly packed monolayer culture to form aggregates with calcium deposition. After 3 weeks, Von Kossa staining \[[@B15]\] revealed a positive extracellular matrix formation in the induced AT-MSCs (Figure [4](#F4){ref-type="fig"}A-C). AT-MSCs obtained from younger (Figure [4](#F4){ref-type="fig"}A) donors produced more matrix than AT-MSCs obtained from both adult (Figure [4](#F4){ref-type="fig"}B) and aged (Figure [4](#F4){ref-type="fig"}C) donors. Cells in the control group did not show such changes (Figure [4](#F4){ref-type="fig"}D-F). Comparative quantification of Von Kossa staining by ImageJ software is shown for all age groups (Figure [4](#F4){ref-type="fig"}G). Significant age-related differences among young (20.0% ± 1.7% positive cells), adult (15.2% ± 1.3% positive cells) and aged (8.9% ± 2.2% positive cells) were observed in this regard. Osteogenic induction was further evaluated by real time RT-PCR analysis of lineage-specific expression of two osteogenic genes, alkaline phosphatase and osteocalcin \[[@B23]\]. When comparing the effect of donor age on osteogenic potential, we observed a higher expression of the osteogenic specific genes in young AT-MSC compared to the other age groups (Figure [4](#F4){ref-type="fig"}H), (Osteocalcin: 28.3 ± 5.9 (young), 22.0 ± 6.1 (adult), 11.7 ± 1.4 (aged) fold-expression, and Alkaline phosphatase: 129.0 ± 14.6 (young), 63.7 ± 3.2 (adult), 36.3 ± 5.2 (aged) fold-expression).

![**Effect of donor age on osteogenic potential of AT-MSCs.** Osteogenic induction was assessed by von Kossa staining. **(A-C)** Representative figures showing matrix mineralization in induced cultures of young, adult and aged, respectively. **(D-F)** Control AT-MSCs did not stain positive with von Kossa staining. Possible age related differences in osteogenic potential were measured using ImageJ software. AT-MSCs isolated from young individuals revealed more matrix mineralization than adult and aged groups **(G)**. Similar, results were obtained when gene expression of OST and ALP was analyzed through quantitative RT-PCR **(H)**. Results are expressed as mean ± standard deviation. \*P \< 0.05, \*\*P \< 0.01, \*\*\*P \< 0.001 for young AT-MSCs versus aged AT-MSCs, ^\#^P for adult versus aged AT-MSCs. OST: osteocalcin, ALP: Alkaline phosphatase.](1479-5876-12-8-4){#F4}

Chondrogenic potential of AT-MSCs declines with age
---------------------------------------------------

Chondrogenic differentiation of AT-MSCs was performed in micromass pellet cultures. Thin sections of the pellets were stained with Alcian blue (Figure [5](#F5){ref-type="fig"}A-C) to detect sulfated proteoglycans in the cartilage matrix \[[@B24]\]. Uptake of Alcian blue staining was quantified colorimetrically (Figure [5](#F5){ref-type="fig"}D-E) and quantitatively (Figure [5](#F5){ref-type="fig"}F). Differences were observed when comparing AT-MSCs obtained from the various age groups (0.51 ± 0.06 vs. 0.26 ± 0.04 vs. 0.17 ± 0.02 OD units). At higher microscopic magnification (insets) the cartilage-like tissue appeared to be composed of rounded cells, surrounded by lacunae and lying in a proteoglycan rich extracellular matrix \[[@B24],[@B25]\]. Significant age-related differences were observed in the chondrogenic differentiation potential of AT-MSCs isolated from various age groups when real time RT-PCR analysis (Figure [5](#F5){ref-type="fig"}F) was performed using the lineage specific genes, aggrecan and collagen type 2 \[[@B26],[@B27]\] (Aggrecan: 10.0 ± 1.5 (young), 4.3 ± 0.2 (adult), 1.8 ± 0.4 (aged) fold-expression, and Collagen type 2: 1.9 ± 0.1 (young), 1.3 ± 0.1 (adult), 1.3 ± 0.2 (aged) fold-expression). These latter two findings indicated that donor age negatively regulated AT-MSC differentiation into cartilage.

![**Chondrogenic potential of AT-MSCs is compromised by donor age.** Differentiation of AT-MSCs was induced chondrogenic induction medium for 21 days in micromass pellet culture. Alcian blue staining was performed for induced AT-MSCs isolated from **(A)** young, **(B)** adult and **(C)** aged individuals. At higher microscopic magnification (shown in insets) the cartilage like tissue appeared to be composed of rounded cells, surrounded by lacunae lying in a proteoglycan rich extracellular matrix. Chondrogenic in vitro potential was quantified by a colorimetric assay in which Alcian blue uptake (blue color) was extracted with 6 M guanidine HCl and absorbance was read at 620 nm. **(D1)** showing micromass 30 minutes after incubation and **(D2)** after 120 minutes. **(E)** absorbance values were significantly higher for young and adult AT-MSCs compared to aged. **(F)** Quantitative RT-PCR was performed for mRNA expression of aggrecan and collagen type 2. Age related decline in mRNA level was observed for both genes. Results are expressed as mean ± standard deviation. \*P \< 0.05, \*\*P \< 0.01, \*\*\*P \< 0.001 for young AT-MSCs versus aged AT-MSCs, ^\#^P for adult versus aged AT-MSCs.](1479-5876-12-8-5){#F5}

AT-MSCs undergo a neuronal-like differentiation in vitro independent of donor age
---------------------------------------------------------------------------------

AT-MSC were cultured in neurogenic differentiation medium and stained with H&E (Hematoxyline and Eosin). The AT-MSCs displayed a neuronal-like differentiation with prominent and elongated neuronal structures \[[@B5]\] regardless of donor age (Figure [6](#F6){ref-type="fig"}A-C). More than 95% of the cells displayed a neuron-like morphology in each culture as indicated in Figure [6](#F6){ref-type="fig"}D (99.7 ± 0.3 in young vs. 95.7 ± 4.3 in adult vs. 98.0 ± 1.5 (aged) positive cells). Induction into neuron-like cells was also confirmed by the assessment of nestin expression by immunocytochemistry (Figure [6](#F6){ref-type="fig"}E). Again we did not observe any variation in the percentage of neuron-like positive cells between the different age groups (Figure [6](#F6){ref-type="fig"}F) (58.2 ± 14.4 in young vs. 53.6 ± 17.9 in adult vs. 52.4 ± 19.2 (aged) percent positive cells). A quantitative increase in mRNA levels for the neurofilament (NFM) and neuron-specific-enolase (NSE) genes \[[@B17],[@B28]\] after neurogenic induction supported the observation of neuronal differentiation. However, when AT-MSCs isolated from young, adult and aged donors were compared the expression of the NFM and NSE genes were similar (Figure [6](#F6){ref-type="fig"}G) (NFM: 46.3 ± 16.2 N = 3 (young), 39.7 ± 6.7 (adult), 45.3 ± 17.3 (aged) fold-expression, and NSE: 24.3 ± 6.4 (young), 25.7 ± 3.5 (adult), 22.4 ± 15.2 (aged) fold-expression). Although we did not find differences between age groups when AT-MSC were induced at initial passages, other experiments indicated that younger AT-MSC cells were better than aged cells when expanded AT-MSC cultures were neurally induced at latter passages (data not shown).

![**The neuron-cell-like morphology of AT-MSCs isolated from young, adult and aged donors. (A-C)** Neuron-like-morphology was observed in MSCs isolated from young, adult and aged individuals, respectively. **(D)** Percentage of AT-MSCs showing neuron-like morphology. Representative slide showing nestin expression as determined by immunofluorescence staining **(E)** with similar expression in all groups **(F)**. Real time RT-PCR analysis showed equivalent up-regulation of neurogenic specific genes (NFM and NSE) in AT-MSCs isolated from donors of different age **(G)**. NSE: Neuron-Specific-Enolase, NFM: Neurofilament.](1479-5876-12-8-6){#F6}

Discussion
==========

In view of conflicting reports, we have undertaken a comprehensive analysis of age-related AT-MSC characteristics in a single study using donors of broad age range. Our study focused on the parameters of MSC yield, frequency, replication and differentiation into adipogenic, osteogenic, chondrogenic and neurogenic lineages, along with other age-related parameters (senescence, SOD activity and viability under cell stress). The present study demonstrated the effect of donor age on the cell expansion and differentiation potential of AT-MSCs, and represents one of the most comprehensive studies providing insight into whether cell-based therapies will be negatively affected by donor age. It is assumed that organismal aging is linked to diminished organ repair due to reduced functional capacity of tissue resident stem cells. It is believed that such cells residing in the elderly are subjected to age-related changes and thus contribute less to tissue rejuvenation. Similarly, age-related diseases such as diabetes and heart failure also negatively impact the function of endogenous progenitor cells \[[@B29]\]. As stem cells are the basis of tissue regeneration therapies, a diminished functionality of these cells in the elderly may result in reduced efficacy of autologous cell therapies. With an increase in the aging population, cellular therapies are becoming more relevant for aged patients who are the main target population for such therapies. It is therefore important to investigate donor age as a critical factor in determining whether cell therapies can achieve the desired results in these individuals using autologous stem cells.

Analysis indicated that the overall yield of nucleated cells was significantly and negatively affected by donor age. Similar observations have been reported in literature by assessing the yield of bone marrow-derived MSCs and circulating endothelial progenitor cells \[[@B30],[@B31]\]. These results indicated that age-related changes in MSC number should be taken into account whenever these cells are considered for clinical applications in the elderly. Although AT-MSCs from all age groups had the ability to form colonies (an indication of cell function), AT-MSC from younger donors produced more colonies containing larger numbers of cells. Other investigators have reported that the number of cells forming colonies decreased significantly with increasing donor age and is in accordance with the results of our current study \[[@B20]\]. These findings are important as it indicates that harvesting AT-MSCs from elderly donors may require either the collection of more adipose tissue or require pretreatment strategies to enhance cell proliferation and expansion.

AT-MSCs isolated from each age group (young, adult and aged) exhibited a fibroblastic morphology and phenotype common to MSC that was independent of donor age \[[@B19]\]. That is, regardless of donor age, AT-MSC expressed CD44, CD73, CD90 and CD105 (mesenchymal markers) while lacking expression of CD3, CD14, CD19, CD34 and CD45 (hematopoietic markers). These results were in agreement with previous reports \[[@B19],[@B20]\], although Stolzing et al. \[[@B24]\] observed age-related changes in expression of some cell surface markers such as CD44, CD90, CD105 and Stro-1 when bone marrow-derived MSCs were analyzed.

AT-MSCs obtained from aged donors displayed increased senescent features as indicated by higher expression of the p16 and p21 genes. Recent evidence suggests that p16 and p21 are markers of senescence \[[@B24]\]. In addition, SA-β-gal expression was also measured and was found at higher levels in aged AT-MSC cultures, while SOD activity was decreased \[[@B24]\]. The ability to expand cells without loss of function is one of the most important considerations when culturing MSC for therapeutic purposes. We evaluated whether donor age had an effect on proliferation. There was an age-related difference in the number of maximum population doublings, being statistically higher for AT-MSCs isolated from young donors versus adult or aged donors. AT-MSCs from young donors also proliferated at a higher rate than other groups. The doubling time of the AT-MSC was significantly increased with advanced age as well. These findings were not unexpected as the expression of other age-related markers (i.e., SA-β-gal, P16 and p21) was found to be significantly higher in aged donors compared to young donors.

Published studies have demonstrated the multi-lineage differentiation potential of AT-MSCs \[[@B5],[@B14]\]. However, recent studies have raised questions about the usefulness of AT-MSCs collected from aged donors \[[@B15],[@B20]\]. We thus have analyzed the differentiation capability of AT-MSCs relative to age of the donor. AT-MSCs obtained from donors of each age group efficiently differentiated into adipocytes. Quantification of oil red O content did not indicate a significant correlation between donor age and adipogenesis. The number of oil red O positive cells was also equivalent between age groups although more variation was observed in the aged group as compared to the young and adult groups. Similarly, we observed very little fluctuation in the mRNA levels of the adipogenic specific genes, PPAR-ү and LPL, due to donor age. Digirolamo et al. \[[@B32]\] reported similar results, as has Zhu et al. \[[@B15]\]. Overall, the results of our current study indicated that adipogenic potential of AT-MSCs was well preserved in advanced age and AT-MSC of any age could potentially be used for tissue engineering applications that require fat production, or potentially for cosmetic/plastic surgery applications.

Concomitant with aging, the chance of bone fractures is significantly increased while the ability to heal such fractures is lost. A significant drop in osteogenic potential of AT-MSCs with increased age was observed, as measured qualitatively by matrix calcification and quantitatively by real time RT-PCR, using osteocalcin and alkaline phosphatase gene expression. We observed a linear decrease in osteogenic potential with increasing age. Zhu et al. \[[@B15]\] reported a similar decline in osteogenic potential starting in middle age (40-49 years). However, Zhu et al. \[[@B15]\] only studied female patients with a different age range. A decrease in circulating oestrogen levels has been shown to be responsible for loss of osteogenic potential of stem cells in females \[[@B33],[@B34]\]. Other conflicting reports have been published; e.g. Shi et al. \[[@B35]\] reported no change with age while Khan et al. \[[@B36]\] found age-related differences in osteogenic potential of AT-MSCs. These inconsistent results may be due to the different age ranges and the health status of the donors that were studied. Overall, the majority of reports found results similar to our current study; describing an overall decline in osteogenic potential with donor age (regardless of species).

Damaged cartilage does not heal well and stem cells might be potential candidates for cartilage repair. However, the relationship between stem cell aging and the potential to undergo chondrogenesis has not been well established. We observed that there was a significant age-related decline in the chondrogenic potential of AT-MSCs. Similarly, mRNA expression of the aggrecan and collagen type 2 genes was significantly reduced in the aged group as compared to the other groups. Murphy et al. \[[@B37]\] has also reported an age-related decline in chondrogenic potential of MSC similar to the results of our study. In combination, these findings and our osteogenic results indicate that donor age may negatively impact the use of AT-MSC for orthopedic applications which are not uncommon as one grows older.

Studies have indicated that MSCs could be a potential treatment for various neurodegenerative disorders. We have previously shown that hAT-MSCs can be differentiated into neuron-like cells in vitro \[[@B5]\]. In the current study although cell outgrowths were more prominent in young AT-MSC cultures, no significant differences were found in the total number of neuron-like cells from any age group. Similarly, we observed no significant difference in the expression of the nestin gene, as the percentage nestin expression was independent of donor age. Real time RT-PCR also indicated equivalent expression of the neuronal specific genes NFM and NSE in all age groups. Therefore, it may still be feasible to consider use of AT-MSC for neurological applications at any point in the donor's life (e.g., for stroke, Parkinson's disease, etc.).

Conclusions
===========

Stem cell research and stem cell therapy is expanding rapidly. However, a number of issues still need to be addressed to make such therapies more useful. Autologous MSC source is widely used cell source in cell based therapy for patients. However, certain limitations are applied such as poor functionality of MSCs isolated from elderly. AT-MSCs isolated from younger donors are anticipated to be a more useful cell source for tissue engineering and regenerative medicine applications. Cell based therapeutic approaches for the elderly should focus on alternative strategies such as banking younger adipose tissue for later use. Preservation of stem and progenitor cells at a younger age while when biological activity is at its greatest potential could provide an ideal situation for future regenerative medicine applications.

Overall, results of the current study indicated that aged MSCs displayed senescent features when compared with cells isolated from young donors. The results demonstrated that the growth kinetics and the osteogenic and chondrogenic potentials of AT-MSCs were adversely affected by increased donor age. However, the adipogenic and possibly the neurogenic potential of the AT-MSCs seemed to be maintained during aging.
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###### Additional file 1: Figure S1

Phenotypic characterization. Flow cytometric analysis of cells show that AT-MSCs were positive for CD44, CD73, CD90 and CD105, while being negative for hematopoietic markers CD3, CD14, CD19, CD34 and CD45. (A) representative graphics, and (B) analysis of expression. -:\<3.0%, \--:\<2.0%, \-\--:\<1%, +: \>93% , + +: \>97.0%, + + +:\>99.0%.
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The primer sequences (5′-3′) for the primer pairs used.
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